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We study stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) in shock
ignition by comparing fluid and PIC simulations. Under typical parameters for the OMEGA ex-
periments [Theobald et al., Phys. Plasmas 19, 102706 (2012)], a series of 1D fluid simulations with
laser intensities ranging between 2×1015 and 2×1016 W/cm2 finds that SBS is the dominant insta-
bility, which increases significantly with the incident intensity. Strong pump depletion caused by
SBS and SRS limits the transmitted intensity at the 0.17nc to be less than 3.5×10
15 W/cm2. The
PIC simulations show similar physics but with higher saturation levels for SBS and SRS convective
modes and stronger pump depletion due to higher seed levels for the electromagnetic fields in PIC
codes. Plasma flow profiles are found to be important in proper modeling of SBS and limiting its
reflectivity in both the fluid and PIC simulations.
PACS numbers: 52.50Gi, 52.65.Rr, 52.38.Kd
I. INTRODUCTION
Shock ignition (SI) [1] is a new high gain ignition
scheme in inertial confinement fusion (ICF). The key pro-
cess in SI is to generate a strong shock at the end of the
compression stage by escalating the intensity of the inci-
dent laser to 1015 ∼ 1016W/cm2 [1, 2]. In this high laser
intensity regime, growth rates of many laser plasma in-
stabilities (LPI) exceed their thresholds, such as the two
plasmon decay (TPD), the stimulated Raman scatter-
ing (SRS), and the stimulated Brillouin scattering (SBS).
Previous Particle-in-Cell (PIC) simulations showed large
laser reflectivities at high intensities due to SBS and SRS
[3, 4], saturation of TPD due to plasma cavity formation
[5], intermittent LPI activities due to interplay of modes
at different density regions [6], and LPI’s dependence on
plasma temperatures [7]. Both the integrated SI experi-
ment on OMEGA [8] and the PIC simulation [6] showed
that the LPI generated hot electrons with a temperature
of ∼ 30 keV. A recent short pulse experiment found high
level reflectivity of SBS under SI-relevant intensities [9].
Due to the sensitivity and nonlinearity of LPI’s depen-
dence on laser and plasma conditions, it is very important
to explore the wide parameter space and understand the
physics among the complicated LPI instabilities in SI.
In the low density region of the corona, SBS and SRS
can be convective and their saturation levels depend on
their seed levels as well as their convective gains. It is
well known that in PIC codes high frequency modes of the
electromagnetic fields have much higher noise levels than
an actual plasma of the same physical conditions[10].
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How the inflated seed levels affect LPI in SI has not been
studied so far. In addition the previous PIC simulations
[3–7] did not include plasma flows, which can affect SBS
reflectivity through the detuning of the ion acoustic wave
resonance [11]. In this paper, we study SBS and SRS for
typical shock ignition conditions, including the flow ve-
locity gradient, via a series of fluid and PIC simulations
for the first time. Our fluid simulation results show that
SBS is the dominant cause of the strong pump depletion
for laser intensities of I = 2 × 1015 ∼ 2 × 1016 W/cm
2, and the flow velocity gradient has an important ef-
fect on limiting the SBS reflectivity. The transmitted
laser intensity near the quarter critical region is limited
to an asymptotic value of I ∼ 3.3× 1015 W/cm 2, which
should be taken into account in SI design. The PIC sim-
ulations show similar physical trends as the fluid results
but stronger pump depletion and higher saturation levels
of SBS and SRS due to the higher numerical seed levels.
The results here show the importance of incorporating
realistic seed levels for correctly modeling LPI in the SI
regime.
II. THE SIMULATION RESULTS
Both the fluid and PIC simulations have been per-
formed in one dimension (1D) to study SBS and SRS
in the low density region before the quarter critical sur-
face. They are complementary to the 2D simulations in
Ref. [6] where the lowest density was n = 0.17nc (nc
is the critical density) and TPD was also studied. The
PIC simulations are performed with OSIRIS [12]. The
fluid simulations are performed with the HLIP code [13],
which is a 1D steady-state code solving the coexistent
problem of SBS and SRS along the ray path, similar to
DEPLETE [14]. The main equations in HLIP are listed
2as follows.
∂I0
∂z
= −
2ν0
vg0
I0 − ω0I0
∑
s=R,B
∫
(KsZs + Ts)
ωs
dωs, (1)
∂Zs
∂z
=
2νs
vgs
Zs −KsI0Zs − I0Ts, (s = R,B) (2)
where I, ω, ν and vg denote the laser intensity, the angu-
lar frequency, the collisional damping rate and the group
velocity, respectively. The subscript 0 refers to the inci-
dent light, and the subscript s refers to the backscattered
light from either SBS or SRS. Here, Zs denotes the inten-
sity per angular frequency of the backscattered light with
the integrated intensity Is(z) =
∫
Zs(ωs, z)dωs. The seed
term for the backscattered light Ts is a calculated accord-
ing to the Thomson scattering model [15]. The coupling
coefficient
Ks =
2pi(ks + k0)
2e2
ksk0ω0m2ec
4
Im

χe
ε
(1 +
∑
j
χj)

 , (3)
is the local spatial growth rate of the backscattered light,
where k denotes the wavenumber of light, and as usual
e, me, c are the electron charge, the electron mass, and
the speed of light in vacuum, respectively. The suscep-
tibility for the electrons and the ion species j are χe
and χj , respectively, and ε = 1 + χe +
∑
j χj is the di-
electric function, which depends on the frequency and
wavenumber of the Langmuir wave or ion acoustic wave
driven by the ponderomotive force. The kinetic term
Im[χe(1+
∑
j χj)/ε] is the ponderomotive response of the
plasma to the light field [16], which contains the effect of
both Landau damping and phase detuning [14].
Our simulation parameters are fitted from the LILAC
[17] simulation results for the OMEGA integrated SI ex-
periments [8]. The incident laser has a wavelength of
λ0 = 0.351µm, and the length of the simulation box is
L = 836µm. In Fig. 1, the black solid line shows the den-
sity profile normalized by nc along the ray path . It is the
same profile used in the 1D simulations in Ref. [6] and
has a density scale length of Ln = 170µm at the 1/4−nc
surface. The analytic expression of the normalized den-
sity is ne(x) = a6x
6+a5x
5+a4x
4+a3x
3+a2x
2+a1x+a0,
where x is the longitudinal distance from left boundary of
simulation box in λ0, a6 = 1.538× 10
−20, a5 = −8.225×
10−17, a4 = 1.797 × 10
−13, a3 = −1.817 × 10
−10, a2 =
9.523 × 10−8, a1 = 3.758 × 10
−6, and a0 = 0.0156. The
density range is from 0.0156nc to 0.4nc. The blue dashed
line in Fig. 1 shows the plasma flow profile normal-
ized by the vacuum speed of light c, in the form of
u(x) = −0.003567+ 1.494× 10−6x. The ion components
in the plasma are fully ionized C and H in 1:1 ratio.
Two sets of the plasma temperatures are chosen from
the LILAC simulations. In the low temperature (LT)
case, Te = 1.6keV and TC = TH = 0.55keV, which corre-
sponds to the temperatures at the launch of the ignition
pulse. In the high temperature (HT) case, Te = 3.5keV
and TC = TH = 1.6keV, which represents the tempera-
tures at the peak intensity of the ignition pulse. A green
dash-dot line is also drawn in Fig. 1 at the position of
ne = 0.17nc, where the transmitted laser intensity is di-
agnosed in this paper.
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FIG. 1: (Color online) The normalized density profile (black
solid line) and plasma flow profile (blue dashed line) used in
the simulations.
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FIG. 2: (Color online) The frequency (a) and the Landau
damping rate (b) of the least-damped ion-acoustic waves; and
the frequency (c) and the Landau damping rate (d) of the
least-damped Langmuir waves in the CH plasma under two
different temperatures.
For our CH plasma profile we have calculated the fre-
quencies and Landau damping rates of the least-damped
ion-acoustic waves and Langmuir waves for the two differ-
ent temperature cases and the results are plotted in Fig.
2. These results are obtained by numerically solving the
dispersion relation ε(ω, k) = 0 combined with the match-
ing condition of the three-wave coupling (ω0−ω)
2−ω2pe =
(k−k0)
2c2. The results show the ion-acoustic waves cor-
respond to the weakly damped slow ion-acoustic mode
in Ref. [18]. That for CH plasma the slow ion-acoustic
mode is dominant is also consistent with the conclusion
given by Williams et al. [19]. The results also show that
3the high temperature case has higher Landau damping
rates for both the ion acoustic waves and the Langmuir
waves.
A. The fluid simulation results
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FIG. 3: (Color online) Spatial profiles of the normalized in-
tensities of the pump and backscattered light for the HT case
(a,c) and the LT case (b,d), both with the plasma flow. The
incident laser intensity is I = 2 × 1015W/cm2 for (a,b) and
I = 5× 1015W/cm2 for (c,d).
The fluid simulations for both the HT and LT cases
have been performed with the same plasma flow profile
and different laser intensities from I = 2 × 1015W/cm2
up to I = 2 × 1016 W/cm 2. The grid size is λ0. Based
on the frequency range of the weakest damped modes
of ion-acoustic wave and Langmuir wave shown in Figs.
2(a) and 2(c), we set the wavelength of backscattered
light of SRS from 400nm to 715nm, and the wavelength
of backscattered light of SBS from 350.5nm to 353nm in
HLIP to include the weakest damped modes on the ray
path in our fluid simulations.
For each run, we can obtain the intensities of the pump
laser and backscattered light along the ray path in the
steady-state. Parts of the fluid simulation results are
shown in Fig. 3, where the black solid line, the red dot-
ted line, and the blue dashed line represent the intensity
profiles of the pump laser, the SBS backscattered light,
and the SRS backscattered light, respectively. All of the
intensities are normalized by the incident laser intensity,
which is I = 2× 1015W/cm2 in Figs. 3(a) and 3(b), and
I = 5 × 1015W/cm2 in Figs. 3(c) and 3(d). They show
that SBS is the dominant instability, and the SBS reflec-
tivity increases significantly as the incident laser intensity
becomes higher. The SBS reflectivity is larger in the LT
case than in the HT case, because Landau damping of
the ion-acoustic wave is weaker in the LT case due to its
larger Te/Ti ≈ 2.9 than the HT case where Te/Ti ≈ 2.2,
as shown in Fig. 2.
In order to study the influence of the plasma flow on
SBS, a set of simulations at I = 2 × 1015W/cm2 have
also been performed without the plasma flow, as shown in
Figs. 4(a) and 4(b) for the HT and LT cases, respectively.
Comparing them to Figs. 3(a) and 3(b), we can see that
SBS is reduced by the plasma flow, resulting in lower SBS
reflectivities. This is because the flow can Doppler shift
the frequency of the local ion-acoustic wave and the gra-
dient of the flow velocity can introduce phase mismatch
between the SBS backscattered light wave coming from
the higher density region and the local ion acoustic wave.
This limits the further amplification of these convective
modes at the lower density region [11].
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FIG. 4: (Color online) Spatial profiles of the normalized in-
tensities of the pump and backscattered light for (a) the HT
case and (b) the LT case, without the consideration of the
plasma flow I = 2× 1015W/cm2.
The SRS reflectivity maintains at a low level (< 1%) in
Figs. 3 and 4. Indeed, no considerable SRS reflectivity is
seen in the simulations until the laser intensity is higher
than 1.5×1016W/cm2. That is because the density scale
length here, Ln = 170µm, is small enough to detune the
match condition between the local electronic plasma wave
and the SRS backscattered wave from the higher density
region. So the density gradient limits the SRS reflectivity
effectively in the lower laser intensity cases [11].
The transmitted laser intensity at ne = 0.17nc for dif-
ferent incident laser intensity is shown in Fig. 5. It
increases with the incident laser intensity but tends to
an asymptotic maximum value, which is about 3.3×1015
W/cm2 for the HT case and 2×1015 W/cm2 for the LT
case, due to larger reflectivity at high intensities. The
transmitted intensity is always lower in the LT case than
in the HT case, because Landau damping of the ion-
acoustic wave and electronic plasma wave is lower in
the LT case, resulting in stronger SBS and SRS activ-
ities. Although SBS is always the dominant instability
in our fluid simulations, the SRS reflectivity is also con-
siderable (< 10%) for the higher incident laser intensi-
ties. Fig. 6 shows the amplitudes of the electron density
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FIG. 5: (Color online) The transmitted laser intensity at dif-
ferent incident laser intensity with the consideration of
plasma flow.
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FIG. 6: (Color online) Amplitudes of electron density pertur-
bations due to SBS along the ray path.
perturbations due to SBS at I = 5 × 1015W/cm2 for
both the HT and LT cases, showing δna/ne < 0.15, in-
dicating nonlinear effects are not important here. For
I = 2 × 1016W/cm2 case, δna < 0.015nc remains small
even though δna/ne can be as large as 0.9 at left bound-
ary due to very small ne. Nonlinear effects at the high
intensity may be important.
B. The PIC simulation results
The OSIRIS [12] simulations use the same plasma pa-
rameters as shown in Fig. 1, and laser intensities of
I = 2, 5, 10× 1015W/cm2 for both the HT and LT cases.
All the simulations use the 2nd-order spline current de-
position scheme with current smoothing. The grid size
is ∆x = 0.1c/ω0, and the time step is ∆t = 0.0707/ω0.
The electron-ion collision is included in all PIC simula-
tions by turning on the binary collision module in OSIRIS
[20]. Boundary conditions are chosen to be open for the
electromagnetic fields, and thermal bath for the particles
[6]. The flow velocity profile is implemented by adding
a flow velocity u(x) to the thermal velocities of parti-
cles initially with u(L) = 0 at the right boundary. At
the left boundary u(0) = −0.003567c. The flow profile
has the same velocity gradient as the LILAC simulation.
The particles drift toward the left boundary and are re-
injected into the simulation box with the initial temper-
ature. The difference in the particle energy is recorded
to diagnose the net energy flux of the particles leaving
the simulation box.
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FIG. 7: (Color online) Evolution of the normalized Poynting
vectors for the HT case (a) without flow and (b) with flow, and
(c) the time resolved Poynting flux fraction at ne = 0.17nc.
The incident laser intensity is 2× 1015W/cm2.
Fig. 7 shows the comparison of the PIC simulation
results with and without the plasma flow velocity in the
HT case with I = 2 × 1015W/cm2. In Figs. 7(a) and
7(b), the longitudinal component of the Poynting vector,
normalized by the incident Poynting vector at the left
boundary, is shown. Stronger bursts of backscattered
light are seen in the case without the plasma flow. This
also indicates that the reflectivity is largely due to SBS
since SRS is not sensitive to the plasma flow velocity.
Correspondingly, the transmitted Poynting flux fraction
at ne = 0.17nc shows that the pump depletion is also
stronger when the plasma flow velocity is not considered,
which is consistent with our fluid simulations.
Figs. 8(a) and 8(c) show the evolution of the Poynt-
ing vectors for the HT and LT cases respectively, when
I = 5 × 1015W/cm2 and with the plasma flow. To sep-
arate SBS and SRS reflectivities in the PIC simulations,
we spatially Fourier-transform the Bz field near the left
boundary, and filter the data within the wavenumber re-
gion of SRS backscattered light in k-space to obtain the
SRS reflectivity at every dumping step. The temporal
average value for the total reflectivity can be obtained
from the Poynting vector at left boundary. The SBS re-
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FIG. 8: (Color online) Evolution of normalized Poynting vec-
tors for (a) the HT case and (c) the LT case, and the time
resolved Poynting flux fraction at ne = 0.17nc for (b) the
HT case and (d) the LT case. The incident laser intensity is
5× 1015W/cm2 and the plasma flow is included.
TABLE I: Simulated transmitted intensity fractions
Laser intensity Temperature Transmitted intensity fraction
(W/cm2) conditions HLIP OSIRIS
2× 1015 HT case 93% 60%
LT case 76% 25%
5× 1015 HT case 56% 32%
LT case 38% 20%
1× 1016 HT case 31% 12%
LT case 20% 8%
flectivity is the difference of the two. We find a temporal
average SBS reflectivity of approximately 31% in the HT
case and 51% in the LT case, which indicates that SBS
is also strong in the PIC simulations, especially for the
LT case. The time resolved transmitted Poynting flux
fraction at ne = 0.17nc is shown in Figs. 8(b) and 8(d).
Its temporal average value is 20% in the LT case, lower
than the 32% in the HT case. This indicates a significant
SRS reflectivity, which is different from the fluid results.
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FIG. 9: (Color online) Evolution of (a) SRS reflectivity and
(b) total reflectiviy for the LT case. The incident laser inten-
sity is 5× 1015W/cm2 and the plasma flow is included.
C. The seed level analysis
The larger reflectivities, especially the SRS reflectivi-
ties, in the OSIRIS simulations compared to the HLIP
simulations can be attributed to many differences of the
two codes. OSIRIS is fully kinetic and nonlinear while
HLIP lacks both. However, even in the OSIRIS simula-
tions, the dominant contribution to the SRS reflectivity
comes from the convective modes in the low density re-
gion (see below). Therefore the seed levels for the convec-
tive SRS and SBS can be important to their saturation
and the resultant reflectivities. To study the seed level
effects, we repeat the LT case with I = 5 × 1015W/cm2
and plasma flow, by using 1000 particles per cell (PPC)
for comparison. The results are compared with the 100-
PPC case as shown in Figs. 9(a) and 9(b). For both
cases, the SRS reflectivity is dominated by modes of
k > 0.52ω0/c, which are the convective modes in the
region of n < 0.2nc [Fig.9(a)]. The time-averaged to-
tal reflectivity drops from 64% (100-PPC) to 50% (1000-
PPC) [Fig.9(b)]. This drop is mainly due to the drop of
the SBS reflectivity, which changes from 51% (100-PPC)
to 30% (1000-PPC). The SRS reflectivity increases from
13% (100-PPC) to 20% (1000-PPC) [Fig.9(a)], due to
competition between SRS and SBS [21–23]. This also
shows that in the OSIRIS simulations, SRS and SBS are
probably in the nonlinear regime. In contrast, the level
of SRS in the HLIP simulations is much smaller.
To resolve the difference in reflectivity and pump de-
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FIG. 10: (Color online) The normalized seed level profiles
of all SBS and SRS modes along the ray path for (a) the
HT case and (b) the LT case when I = 5 × 1015W/cm2.
All of the intensities are normalized by I . The black dashed
lines with sold circles show the SBS seeds and the green sold
lines with crosses are the SRS seeds diagnosed in the OSIRIS
simulations. The red dashed lines and blue solid lines are the
integrated total seeds for the SBS and SRS backscattered light
respectively given in HLIP based on the Thomson scattering
model [13].
pletion between the fluid and PIC simulations, we ana-
lyze the seed levels for the convective SBS and SRS in
the two kinds of simulations. In order to diagnose the
seed levels for the backscattered light in OSIRIS, the Bz
field data is dumped every 20 calculation steps and di-
vided into different windows in time and space. The time
and spatial dimensions of each such window are 4000∆t
and 5000∆x. Through 2D Fourier transform of the data
in the time-space window, signals of the backscattered
light and incident light can be separated in the ω-k phase
space. Summing up the signals of the backward light for
SRS and SBS at different locations in the presence of the
pump, we can obtain the seed levels defined in the same
way as those used in HLIP.
Figure 10 shows the seed levels in the two kinds of
the simulations for the HT and LT cases when I =
5 × 1015W/cm2. The seeds in the OSIRIS simulations
are many orders of magnitudes larger than those calcu-
lated in HLIP. When HLIP uses the fitted seed profiles
from OSIRIS instead of its own seed model, a significant
growth of SRS can be obtained as shown in Fig. 11. The
effect of a higher seed level on SBS is less significant, mod-
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FIG. 11: (Color online) Spatial profiles of normalized intensi-
ties of the pump and backscattered light for (a) the HT case
and (b) the LT case when I = 5 × 1015W/cm2, by using the
seeds fitted from PIC simulations in HLIP code.
erated by the pump depletions due to the inflated SRS.
Overall, the new HLIP simulations show a higher pump
depletion closer to the OSIRIS results. Other possible
causes for difference exist between the two codes, such as
re-scattering of SRS and generation of cavity [3] (which
is possible only at the inflated SRS level and not possible
at the level shown in the fluid simulation with normal
seed levels), kinetic and non-steady-state physics all in
OSIRIS but not HLIP. Another possibility is the density-
modulation-induced absolute SRS modes [24], However,
the different seed levels should be an important cause
for the difference in pump depletion between the OSIRIS
and HLIP simulation results.
III. DISCUSSION AND SUMMARY
A recent PIC study of the temperature effects on LPI
in SI also found that the largest energy losses are due
to the backscattering from SBS rather than SRS when
Te ≤ 5keV and reflectivity of SBS decreases as Te in-
creases [7], even though those simulations were without
flow and with a small scale length of 60 µm. In previous
small-scale-length PIC simulations [4, 5, 7], pump deple-
tion through convective SRS and SBS in the low density
region was not significant, due to the small lengths. The
long-scale-length simulations here show that the convec-
tive modes can lead to significant pump depletion before
the quarter-critical surface and an accurate assessment
of this requires control of the seed levels in simulations.
Neither of the two kinds of the simulations in the cur-
rent work can fully match for the backscattering mea-
sured in the experiment[8]. The overall pump reflectivi-
ties in the experiment were much lower than the OSIRIS
results, likely due to the inflated seed levels. For the low
intensities, the experiment showed a stronger SBS reflec-
tivity than SRS, agreeing with the HLIP results. How-
ever, the experiments showed a rapidly increasing SRS
reflectivity as the spike beam intensity increased, eventu-
ally exceeding the SBS reflectivity at I = 8×1015 W/cm2.
This is very different from the HLIP results. One possible
7source of this discrepancy is the hydro profile used in the
simulations, which was taken from the LILAC simula-
tion that had only the drive beams, not the spike beams.
The profile may be significantly different from the ac-
tual one when the spike beams were on. Furthermore,
the SRS gain model in HLIP does not include the possi-
bility of absolute SRS and high-frequency hybrid modes
[25] in the quarter-critical region, which have been seen
in previous 2D OSIRIS simulation in n = 0.17 − 0.33nc
with I = 2 × 1015 W/cm2[6]. The PIC simulations did
show significant SRS reflectivity as the pump intensity
increased. However, the inflated seed levels for the con-
vective modes may have exaggerated the absolute levels.
In summary, SBS and SRS for typical laser and plasma
conditions in shock ignition have been studied using the
fluid and PIC simulations. Results show that SBS is the
main cause for strong pump depletion, which limits the
intensity of laser light arrived at the quarter critical den-
sity region. The plasma flow velocity gradient is shown
to affect the SBS reflectivity. The seed level analysis also
finds that the seed levels for both SRS and SBS in the
PIC simulations are much higher than those in an actual
plasma, which causes the stronger pump depletion in the
PIC simulations. Comparison with the experiment shows
the need of new simulation tools with both realistic seed
levels and more comprehensive physics.
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